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Interpretation of Solar Irradiance Monitor measurements through
analysis of 3D MHD simulations.
S. Criscuoli1, H. Uitenbroek1
ABSTRACT
Measurements from the Solar Irradiance Monitor (SIM) onboard the SORCE mission indicate
that solar spectral irradiance at Visible and IR wavelengths varies in counter phase with the
solar activity cycle. The sign of these variations is not reproduced by most of the irradiance
reconstruction techniques based on variations of surface magnetism employed so far, and it is
not clear yet whether SIM calibration procedures need to be improved, or if instead new physical
mechanisms must be invoked to explain such variations. We employ three-dimensional magneto
hydrodynamic simulations of the solar photosphere to investigate the dependence of solar radiance
in SIM Visible and IR spectral ranges on variations of the filling factor of surface magnetic fields.
We find that the contribution of magnetic features to solar radiance is strongly dependent on the
location on the disk of the features, being negative close to disk center and positive toward the
limb. If features are homogeneously distributed over a region around the equator (activity belt)
then their contribution to irradiance is positive with respect to the contribution of HD snapshots,
but decreases with the increase of their magnetic flux for average magnetic flux larger than 50
G in at least two of the Visible and IR spectral bands monitored by SIM. Under the assumption
that the 50 G snapshots are representative of quiet Sun regions we find thus that the Spectral
Irradiance can be in counter-phase with the solar magnetic activity cycle.
Subject headings: Sun: irradiance - Sun: surface magnetism - Radiative transfer
1. Introduction
Solar irradiance, the radiative energy flux the
Earth receives from the Sun at its average or-
bital distance, varies along with magnetic activ-
ity, over periods of days to centuries and pre-
sumably even on longer time scales. The mag-
nitude of irradiance variations strongly depends
on wavelength. The precise measurement of irra-
diance over the spectrum is becoming more and
more compelling, because of the increasing ev-
idence of the effects of these variations on the
chemistry of the Earth’s atmosphere and terres-
trial climate (e.g. Lockwood 2012; Ermolli et al.
2013, and references therein). However, abso-
lute measurement of spectral irradiance variations,
especially over time scales longer than a few so-
lar rotations, is seriously hampered by difficul-
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ties in determining degradation of instrumenta-
tion in space. Therefore, calibrations of radio-
metric measurements have to rely significantly on
inter-calibration with other instruments and/or
reconstructions through models based on proxies
of magnetic activity.
In this context, recent measurements ob-
tained with the Spectral Irradiance Monitor (SIM;
Harder et al. 2005) radiometers on board the So-
lar Radiation and Climate Experiment (SORCE;
Rottman 2005), which show an irradiance sig-
nal at Visible and IR spectral bands in counter-
phase with the solar cycle (Harder et al. 2009),
have been strongly debated. This result was
confirmed by Preminger et al. (2011), who found
that variations in irradiance of solar and solar-
like stars in red and blue continuum band-passes
is in counter phase with their activity cycle. By
contrast, recent results obtained from the anal-
ysis of VIRGO/SOHO (Fro¨hlich et al. 1995)
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data at visible spectral ranges (Wehrli et al. 2013)
show signals in phase with the magnetic cycle.
Theoretically, most of the irradiance recon-
struction techniques which usually repro-
duce more than 90% of variations of total
solar irradiance (i.e., the irradiance inte-
grated over the whole spectrum), produce
irradiance variations at SIM Visible and
Infrared bands that are in phase with the
magnetic cycle (see Ermolli et al. 2013, for
a review). The Spectral and Total Irra-
diance REconstruction models for Satel-
lite Era (SATIRE) produce a signal slightly
in counter-phase in the IR (e.g. Ball et al.
2011). The only reconstructions that pro-
duce a signal in counter-phase with the
magnetic activity cycle on both visible and
IR bands are those obtained with the So-
lar Radiation Physical Modelling (SRPM)
tools (Fontenla et al. 2012), which, on the
other hand, have been criticized for be-
ing explicitly constructed to reproduce SIM
measurements.
Given the above controversy it is still an open
question whether SIM finding of counter phase
spectral variation in visible and IR bands is the
result of a problem with internal calibration pro-
cedures, or if instead current modeling is not ade-
quate in reproducing irradiance variations at those
spectral ranges. In particular the physical cause
of long-term variations is still unclear having been
attributed alternatively to changes in quiet Sun
magnetism that is mostly hidden in full-disk ob-
servations (Fontenla et al. 2012), or to a change of
the temperature gradient in the solar atmosphere,
most likely due to an increase of the magnetic fill-
ing factor over the cycle (Harder et al. 2009).
Several irradiance reconstruction tech-
niques, such as the SATIRE and the SRPM
cited above, the reconstructions of the As-
tronomical Observatory of Rome (OAR,
Ermolli et al. 2011), and those obtained
with the Code for Solar Irradiance (COSI,
Haberreiter et al. 2008; Shapiro et al. 2010)
and with the Solar Modelling in 3D (SOLMOD,
Haberreiter 2011), are based on one-dimensional
static atmosphere models. Such models can
be constructed to reproduce observed spectra very
well, but their semi-empirical nature prevents
them from being used to explore the underly-
ing physics (Uitenbroek & Criscuoli 2011). In
this contribution we employ snapshots from 3-
D magneto-hydrodynamic (MHD) simulations of
the solar photosphere to qualitatively investigate
whether an increase of the magnetic filling factor
over the solar surface can produce a decrease of
the disk-integrated solar radiative emission in the
four visible and IR spectral bands monitored by
SIM. Since the contribution of features as pores
and sunspots is well known to be negative, this
study is aimed at investigating the contribution of
features like faculae and network.
The paper is organized as follows: in Sect. 2
we describe the MHD snapshots employed and the
spectral synthesis performed; in Sect. 3 we present
our results and in Sect. 4 we draw our conclusions.
2. Simulations and Spectral Synthesis
For our analysis we consider series of snapshots
of 3-D MHD simulations of the solar photosphere
calculated by Fabbian et al. (2010, 2012) using the
STAGGER code (Garlsgaard & Nordlund 1996).
They are characterized by four different cases of
introduced magnetic flux with average vertical
field strength values of approximately 0 G, 50 G,
100 G and 200 G. The 0 G case (hydrodynamic,
or HD case hereafter) and the 50 G case are repre-
sentative of quiet Sun regions, while the 100 and
200 G are meant to represent magnetic regions.
The horizontal dimensions of each snapshot are 6
Mm × 6 Mm, with a spatial sampling of 23.8 km
resulting in a grid size of 252 points in both hor-
izontal directions. These snapshots were used by
Fabbian (2010, 2012) for the first-ever quantita-
tive assessment of the impact of magnetic fields
in 3D photospheric models of the Sun on the so-
lar chemical composition. The numerical setup
adopted for the calculations is described in the
above cited papers. Beck et al. (2013) discussed
the quality of the simulations and their compari-
son with observations. Criscuoli (2013) em-
ployed this set of simulations to investigate
physical and observational differences be-
tween quiet and facular regions. Among
other results, this study showed that, in
agreement with high-spatial-resolution ob-
servations, the emergent intensity at disk
center in the red continuum of magnetic fea-
tures characterized by the same size and the
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same amount of average magnetic flux de-
creases with the increase of their environ-
mental magnetic flux. That is, small-size
magnetic features are brighter in quiet ar-
eas with respect to active regions. Here we
extend that work to a larger set of wave-
lengths and lines of sight and investigate the
effects of the magnetic flux on the radiative
emission as would be observed by moder-
ate spatial resolution data (as those usually
employed for irradiance studies). At this
aim, we considered each of these snapshots
to represent a patch of unresolved magnetic
field with the corresponding average flux.
At each pixel we calculated with the RH code
(Uitenbroek 2003) the emergent radiation by solv-
ing for LTE radiative transfer at 16 continuum
wavelengths, distributed equidistantly over 6 spec-
tral positions in each of the SIM pass bands (400
– 972 nm, 972 – 1630 nm, and 1630 – 2423 nm).
Figure 1 illustrates examples of the emer-
gent intensity along the vertical line of sight
at 630 nm through snapshots characterized
by different amounts of average magnetic
flux. We solved radiative transfer through the
snaphots in different directions spanning 9 incli-
nations, distributed according to the zeroes of the
Gauss–Legendre polynomials in µ = cos(θ), where
θ is the angle with the vertical, and 2 azimuths
per octant, plus the vertical direction, for a total
of 73 directions. We then averaged over the dif-
ferent azimuths and all the spatial positions in the
snapshot to calculate the snapshot’s average emer-
gent intensity at all 16 wavelengths as a function
of heliocentric angle.
To ensure sufficient statistics and reduce os-
cillation effects, for each average magnetic flux
value we considered 10 snapshots taken 2.5 min-
utes apart (40 snapshots in total). Figure 2 shows
the differences between the average temperature
stratifications of the MHD and the HD atmo-
spheres as function of the optical depth computed
at 500 nm. These curves agree with those reported
in Fabbian et al. (2010, their figure 1), within the
statistical variations due to here considering fewer
snapshots from the complete series, and to pos-
sible slight differences in the computed optical
depth due to employing a different radiative trans-
fer code. The solid gray area approximately
indicates the range in formation heights of
the continuum intensity along a vertical line
of sight at the considered wavelengths. The
dashed gray area shows approximately the
formation heigths at the same wavelengths
for an inclined line of sight (namely, for µ
= 0.2, where µ is the cosine of teh helio-
centric angle); as expected, the shallower
the line of sight, the more the formation
heights shift toward higher layers of the
atmosphere (smaller optical depth values).
The plot shows that an increase of the average
magnetic flux causes an average decrease of the
temperature at about optical depth unity and an
increase at smaller optical depths, thus making
the temperature gradient shallower with the in-
crease of the magnetic flux. As explained in
detail in Criscuoli (2013), these variations
must be ascribed to the inhibition of con-
vection by the magnetic field, which reduces
the amount of energy transported by the
plasma from the lower to the higher lay-
ers of the atmosphere. These temperature
gradient changes are similar to those invoked by
Harder et al. (2009) to explain SIM measurements
at Visible and IR bands, and are qualitatively
similar to the differences between temperatures
of quiet and magnetic feature atmosphere models
such as employed in SRPM (e.g. Fontenla et al.
2012). We note however, that because of our in-
clusion of the true three-dimensional structure of
the snapshots, the centre-to-limb behavior of our
computed intensities is more realistic than that
of the one-dimensional models, even though the
snapshots possess, on average, similar tempera-
ture gradients.
After calculating the spatially and azimuth av-
eraged emergent intensities as a function of µ for
each snapshot we averaged them over the 10 real-
izations for each average magnetic flux case, and
compared the intensities for each of the MHD cases
with those of the HD case as reference. Intensity
contrast is, therefore, defined as the intensity rel-
ative to that of the HD case at the same heliocen-
tric angle: C =< IMHD > / < IHD > −1, where
the averages are over spatial dimensions in each
snapshot, realization, and azimuth. Finally, we
computed the flux by integrating intensities over
a range of heliocentric angles.
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Fig. 2.— Difference between MHD average tem-
perature stratifications and the HD case versus the
optical depth τ500. Error bars represent the stan-
dard deviation obtained by averaging over the 10
snapshots each. The solid and dashed gray ar-
eas indicate the approximate formation heights for
the wavelenghts considered for vertical and µ =0.2
lines of sight, respectively.
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Fig. 3.— Wavelength dependence of the average
intensity contrast of MHD models compared to the
HD case for different heliocentric angles (labeled
by their cosine).
3. Results
The plot in Fig. 3 shows the average intensity
contrast of the MHD snapshots as a function of
wavelength for different heliocentric angles. We
note that the intensity contrast is negative for the
100 G and 200 G cases near disk center (µ > 0.8)
both for short wavelengths (below approximately
500 nm for the 100 G snapshots and below approx-
imately 700 nm for the 200 G ones) and wave-
lengths above 1500 nm, but that the contrast is
positive for all angles and wavelengths in the 50
G average field case. This is because at short
and long wavelengths intensity emanates from rel-
atively deep layers of the solar atmosphere, at
which, as illustrated in Fig. 2 (continuous gray
area), the 100 and 200 G simulations have av-
erage temperature lower than the one of the HD
case. For shallower lines of sight (µ ≤ 0.8)
the formation heights shift toward higher
layers of the atmosphere (dashed gray area
in Fig. 2), where the difference between
the average temperatures of MHD and HD
simulations becomes positive. These results
are in agreement with those obtained from obser-
vations (e.g. Yeo et al. 2013; Ermolli et al. 2007;
Ortiz et al. 2002; Sa´nchez Cuberes et al. 2002).
Close to disk center most of the curves exhibit
a maximum at about 800 nm. This wavelength
dependence of the contrast closely follows the be-
havior of the H− opacity, which is the prominent
source of opacity in the photosphere, and has a
maximum near that wavelength. At those wave-
lengths intensity forms relatively high in the atmo-
sphere, where the MHD snapshots are on average
warmer than the HD ones.
The derived intensity contrasts would suggest
that it is in principle possible to have a decrease
of the irradiance at continuum wavelengths due
to the presence of magnetic features (other than
sunspots and pores), in particular when these have
an average vertical flux of at least 100 G, appear
preferentially near disk center, and are observed
at short (below 600-700 nm), or long (above 1500
nm) wavelengths. However, we have to verify that
negative contrasts still could appear when activ-
ity is more evenly spread out over the disk, as
is the case when averaging over several solar ro-
tations, and when integrated over the SIM wave-
length bands. We therefore estimated the cumu-
4
      
−0.010
−0.005
0.000
0.005
0.010
400 − 691 nm
691 − 972 nm
972 − 1630 nm
1630 − 2423 nm
200 G − HD
re
l. d
iff.
 cu
mu
lat
ive
 flu
x
      
0.000
0.002
0.004
0.006
0.008 100 G − HD
0.0 0.2 0.4 0.6 0.8 1.0
radius
0.000
0.002
0.004
0.006
50 G − HD
Fig. 4.— Cumulative flux relative difference be-
tween MHD and HD models, integrated over SIM
spectral bands. Cumulative flux is calculated by
integrating intensity from disk center out to the
specified radius on the x-axis.
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Fig. 5.— Cumulative flux relative difference be-
tween MHD and HD snapshots computed over the
activity belt (defined here as the solar surface
extending from + to - 30 degrees around
the equator) and integrated over SIM spectral
bands.
lative radiative flux computed over the surfaces of
disks of increasing partial radius and integrated
these fluxes in wavelength over the four bands ob-
served by SIM. Figure 4 shows the relative differ-
ences between the cumulative flux computed for
the MHD snapshots and the HD ones as function
of partial solar radius. The curves confirm that the
contribution of faculae to the radiative flux in SIM
bands is always positive in the 50 G case, while it
can turn negative as the magnetic flux increases
(in particular, this can be seen for the curve cor-
responding to the 200 G simulation), if these fea-
tures are preferentially located close to disk cen-
ter. Nevertheless, the contribution is positive if
these magnetic features are uniformly distributed
over the disk (cumulative radius of one). The
main reason for this positive contrast is the limb
brightening of the intensity contrast that occurs
for all wavelengths (see Fig.3), and is the result of
the sampling of higher temperatures in the MHD
snapshots at shallower viewing angles, and the
additional brightening that stems from geometri-
cal effects when shallow viewing directions sample
hotter material behind partially evacuated mag-
netic field concentrations. This latter effect can-
not adequately be represented by one-dimensional
modeling.
Typically, magnetic activity occurs preferen-
tially in activity belts North and South of the
equator, moving from higher latitudes in the early
phase of the solar cycle to lower ones in later
phases. Limiting magnetic elements to lower lat-
itudes limits the number of magnetic elements at
higher heliocentric angles, potentially allowing for
a negative contribution to the irradiance. To test
this possibility we computed the disk integrated
radiative flux of magnetic elements confined to an
activity belt between latitudes of ± 30 degrees.
Fig. 5 shows the result of this calculation for
the SIM bands. In particular, it shows the ra-
diative flux relative differences between the MHD
and HD snapshots integrated over the SIM bands
as function of the average vertical magnetic-flux.
It clearly shows a positive contrast for all field
cases considered in all four bands. Nevertheless,
it also shows that in the 400-691 nm and in the
1630-2423 nm bands the radiative fluxes relative
differences decrease with the increase of the mag-
netic flux. This suggests that, if magnetic fea-
tures are preferentially located over the activity
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belt, and if the relative number of features with
higher magnetic flux increases with the increase of
the magnetic activity, then the radiance at those
two SIM bands decreases. Moreover if, more
”realistically”, we consider that even the
quiet Sun is permeated by magnetic flux
(see Mart´ınez Pillet 2013, for a review on
quiet Sun magnetic field) and we take as ref-
erence the 50 G snapshots, then the contri-
bution of facular regions at those two SIM
pass bands is always negative.
4. Discussion and Conclusions
We employed snapshots from 3-D MHD simula-
tions, characterized by different values of average
vertical magnetic flux, to estimate solar irradiance
variations at the visible and IR spectral ranges
of SIM radiometers, stemming from contributions
of patches of unresolved magnetic field. The re-
sults from our spectral synthesis confirm the fact
the contribution of facular region to irradiance is
strongly dependent on their location over the so-
lar disk (see also the discussion in Fontenla et al.
2012). In particular, we find that the increase
of the magnetic filling factor over the solar sur-
face can produce a decrease of emitted radiation
only for mostly vertical lines of sight and only for
wavelengths below 500-700 nm (depending on the
magnetic flux), or above 1500 nm (Fig. 3). In-
tegrating the intensity over the disk, even if we
limit the contribution of magnetic regions to an
activity belt, always renders the contribution of
the magnetic elements to the irradiance positive
(Fig. 5). Nevertheless, if magnetic features are
distributed over the activity belt, their contribu-
tion decreases at two of the SIM bands (namely
at 400-691 and 1630-2423 nm) with the increase
of the average magnetic flux. This suggests that,
assuming that the relative number of features with
larger magnetic flux increases with the increase
of the magnetic activity, then the spectral irra-
diance at those SIM bands can decrease toward
solar maximum. Results shown in Fig. 5
also indicate that, if we take as reference
the 50 G snapshots instead of the HD ones,
then the contribution of facular regions to
irradiance at the 400-691 and 1630-2423
nm SIM wavelength bands is always neg-
ative. We note that this is a more ”realis-
tic” assumption than taking the HD snap-
shots as reference, as previous works have
shown that MHD simulations with average
vertical magnetic field between 20 - 30 G
best represent properties of magnetic field
of the quiet Sun (Khomenko et al. 2005;
Danilovic et al. 2010). Finally, we note that
magnetic features tend to appear toward
higher latitudes at the beginning of the cy-
cle, migrate toward the equator as the mag-
netic activity peaks, and that then part of
their flux, fragmented into lower magnetic
flux features, tends to migrate toward the
poles during the descending phase. Since,
as we have shown, the contribution to irra-
diance of these features strongly depends on
their position on the solar disk, we specu-
late that multiple peaks of the solar spectral
irradiance could be observed.
Note that an average flux of 200 G, the maxi-
mum we considered, is modest for facular regions,
as values up to 800 G are usually employed for re-
constructions (e.g. Ball et al. 2012, and references
therein). On the other hand, from results shown in
this work as well as from results obtained from nu-
merical simulations by other authors (e.g. Vo¨gler
2005), and from observations (e.g. Yeo et al. 2013;
Ortiz et al. 2002) it is clear that the center-to-limb
variation of contrast increases with magnetic flux
so that it is likely that our conclusions would be
even stronger.
Likewise, the inclusion of spectral lines in our
calculations would have most likely increased the
contrast between MHD and HD intensities, as
spectral lines contribute opacity and raise the for-
mation height of the spectral bands, causing them
to sample slightly higher layers, where the dif-
ferences between the average temperatures of the
models with different field strength is larger. Nev-
ertheless, we expect this effect to be larger for the
lower magnetic flux simulations, where the aver-
age temperature gradient is steeper (and spectral
lines are deeper), with respect to higher magnetic
flux simulations, thus increasing the steepness of
the relations in Fig. 5 for the 400-691 ans 1630-
2423 nm bands, and decreasing the steepness of
the curves of the other two bands. This effect too
would thus strengthen our conclusions.
We therefore conclude that the spectral
synthesis presented in this study are com-
patible with a negative contribution of facu-
6
lar regions to the irradiance in the SIM vis-
ible and IR bands with an increase in mag-
netic filling factor if as reference for quiet
Sun we assume snapshots of 50 G average
magnetic flux.
The snapshots of magneto-convection simula-
tions were provided to us by Elena Khomenko
and were calculated using the computing re-
sources of the MareNostrum (BSC/CNS, Spain)
and DEISA/HLRS (Germany) supercomputer in-
stallations.
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Fig. 1.— Vertical line of sight emergent radiation at 630 nm through MHD snapshots characterized by
different amounts of average magnetic flux. From left to right: HD, 50 G, 100 G and 200 G.
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AASTEX, AMS math, and LATEX symbols 1
Table 1: Additional AASTEX symbols
. \lesssim, \la & \gtrsim, \ga
µm \micron \sbond
\dbond \tbond
⊙ \sun ⊕ \earth
/© \diameter
◦ \arcdeg, \degr ⊓⊔ \sq
′ \arcmin ′′ \arcsec
.d \fd .h \fh
.m \fm .s \fs
.◦ \fdg .′ \farcm
.′′ \farcs .p \fp
1
2
\onehalf UBVR \ubvr
1
3
\onethird U−B \ub
2
3
\twothirds B−V \bv
1
4
\onequarter V −R \vr
3
4
\threequarters U−R \ur
Table 2: Text-mode accents
o` \‘{o} o¯ \={o} ⁀oo \t{oo}
o´ \’{o} o˙ \.{o} o¸ \c{o}
oˆ \^{o} o˘ \u{o} o. \d{o}
o¨ \"{o} oˇ \v{o} o
¯
\b{o}
o˜ \~{o} o˝ \H{o}
Table 3: National symbols
œ \oe a˚ \aa  l \l
Œ \OE A˚ \AA  L \L
æ \ae ø \o ß \ss
Æ \AE Ø \O
Table 4: Math-mode accents
aˆ \hat{a} a˙ \dot{a}
aˇ \check{a} a¨ \ddot{a}
a˜ \tilde{a} a˘ \breve{a}
a´ \acute{a} a¯ \bar{a}
a` \grave{a} ~a \vec{a}
Table 5: Greek and Hebrew letters (math mode)
α \alpha ν \nu
β \beta ξ \xi
γ \gamma o o
δ \delta π \pi
ǫ \epsilon ρ \rho
ζ \zeta σ \sigma
η \eta τ \tau
θ \theta υ \upsilon
ι \iota φ \phi
κ \kappa χ \chi
λ \lambda ψ \psi
µ \mu ω \omega
̥ \digamma κ \varkappa
ε \varepsilon ς \varsigma
ϑ \vartheta ϕ \varphi
̺ \varrho
Γ \Gamma Σ \Sigma
∆ \Delta Υ \Upsilon
Θ \Theta Φ \Phi
Λ \Lambda Ψ \Psi
Ξ \Xi Ω \Omega
Π \Pi
ℵ \aleph i \beth
ג \gimel k \daleth
Table 6: Binary operators (math mode)
± \pm ∩ \cap
∓ \mp ∪ \cup
\ \setminus ⊎ \uplus
· \cdot ⊓ \sqcap
× \times ⊔ \sqcup
∗ \ast ⊳ \triangleleft
⋆ \star ⊲ \triangleright
⋄ \diamond ≀ \wr
◦ \circ © \bigcirc
• \bullet △ \bigtriangleup
÷ \div ▽ \bigtriangledown
✁ \lhd ✄ \rhd
∨ \vee ⊙ \odot
∧ \wedge † \dagger
⊕ \oplus ‡ \ddagger
⊖ \ominus ∐ \amalg
⊗ \otimes ✂ \unlhd
⊘ \oslash ☎ \unrhd
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Table 7: AMS binary operators (math mode)
∔ \dotplus ⋉ \ltimes
r \smallsetminus ⋊ \rtimes
⋓ \Cap, \doublecap ⋋ \leftthreetimes
⋒ \Cup, \doublecup ⋌ \rightthreetimes
⊼ \barwedge uprise \curlywedge
⊻ \veebar g \curlyvee
[ \doublebarwedge
⊟ \boxminus ⊖ \circleddash
⊠ \boxtimes ⊛ \circledast
⊡ \boxdot ⊚ \circledcirc
⊞ \boxplus  \centerdot
> \divideontimes ⊺ \intercal
Table 8: Miscellaneous symbols
† \dag § \S
c© \copyright ‡ \ddag
¶ \P £ \pounds
# \# $ \$
% \% & \&
\_ { \{
} \}
Table 9: Miscellaneous symbols (math mode)
ℵ \aleph ′ \prime
~ \hbar ∅ \emptyset
ı \imath ∇ \nabla
 \jmath
√
\surd
ℓ \ell ⊤ \top
℘ \wp ⊥ \bot
ℜ \Re ‖ \|
ℑ \Im ∠ \angle
∂ \partial △ \triangle
∞ \infty \ \backslash
✷ \Box ✸ \Diamond
∀ \forall ♯ \sharp
∃ \exists ♣ \clubsuit
¬ \neg ♦ \diamondsuit
♭ \flat ♥ \heartsuit
♮ \natural ♠ \spadesuit
℧ \mho
Table 10: AMS miscellaneous symbols (math
mode)
~ \hbar 8 \backprime
ℏ \hslash ∅ \varnothing
△ \vartriangle N \blacktriangle
▽ \triangledown H \blacktriangledown
 \square  \blacksquare
♦ \lozenge  \blacklozenge
s \circledS ⋆ \bigstar
∠ \angle ∢ \sphericalangle
∡ \measuredangle
∄ \nexists ∁ \complement
℧ \mho ð \eth
` \Finv upslope \diagup
a \Game  \diagdown
k \Bbbk ↾ \restriction
Table 11: Arrows (math mode)
← \leftarrow ←− \longleftarrow
⇐ \Leftarrow ⇐= \Longleftarrow
→ \rightarrow −→ \longrightarrow
⇒ \Rightarrow =⇒ \Longrightarrow
↔ \leftrightarrow ←→ \longleftrightarrow
⇔ \Leftrightarrow ⇐⇒ \Longleftrightarrow
7→ \mapsto 7−→ \longmapsto
←֓ \hookleftarrow →֒ \hookrightarrow
↼ \leftharpoonup ⇀ \rightharpoonup
↽ \leftharpoondown ⇁ \rightharpoondown
⇋ \rightleftharpoons ❀ \leadsto
↑ \uparrow m \Updownarrow
⇑ \Uparrow ր \nearrow
↓ \downarrow ց \searrow
⇓ \Downarrow ւ \swarrow
l \updownarrow տ \nwarrow
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Table 12: AMS arrows (math mode)
L99 \dashleftarrow 99K \dashrightarrow
⇔ \leftleftarrows ⇒ \rightrightarrows
⇆ \leftrightarrows ⇄ \rightleftarrows
⇚ \Lleftarrow ⇛ \Rrightarrow
և \twoheadleftarrow ։ \twoheadrightarrow
֋ \leftarrowtail ֌ \rightarrowtail
" \looparrowleft # \looparrowright
⇌ \leftrightharpoons ⇋ \rightleftharpoons
x \curvearrowleft y \curvearrowright
	 \circlearrowleft  \circlearrowright
 \Lsh  \Rsh
⇈ \upuparrows  \downdownarrows
↿ \upharpoonleft ↾ \upharpoonright
⇃ \downharpoonleft ⇂ \downharpoonright
⊸ \multimap  \rightsquigarrow
! \leftrightsquigarrow
8 \nleftarrow 9 \nrightarrow
: \nLeftarrow ; \nRightarrow
= \nleftrightarrow < \nLeftrightarrow
Table 13: Relations (math mode)
≤ \leq ≥ \geq
≺ \prec ≻ \succ
 \preceq  \succeq
≪ \ll ≫ \gg
⊂ \subset ⊃ \supset
⊆ \subseteq ⊇ \supseteq
⊏ \sqsubset ⊐ \sqsupset
⊑ \sqsubseteq ⊒ \sqsupseteq
∈ \in ∋ \ni
⊢ \vdash ⊣ \dashv
⌣ \smile | \mid
⌢ \frown ‖ \parallel
6= \neq ⊥ \perp
≡ \equiv ∼= \cong
∼ \sim ⊲⊳ \bowtie
≃ \simeq ∝ \propto
≍ \asymp |= \models
≈ \approx .= \doteq
✶ \Join
Table 14: AMS binary relations (math mode)
≦ \leqq ≧ \geqq
6 \leqslant > \geqslant
0 \eqslantless 1 \eqslantgtr
. \lesssim & \gtrsim
/ \lessapprox ' \gtrapprox
≅ \approxeq h \eqsim
⋖ \lessdot ⋗ \gtrdot
≪ \lll, \llless ≫ \ggg, \gggtr
≶ \lessgtr ≷ \gtrless
⋚ \lesseqgtr R \gtreqless
S \lesseqqgtr T \gtreqqless
+ \doteqdot, \Doteq ≖ \eqcirc
: \risingdotseq ⊜ \circeq
; \fallingdotseq , \triangleq
∽ \backsim ∼ \thicksim
⋍ \backsimeq ≈ \thickapprox
j \subseteqq k \supseteqq
⋐ \Subset ⋑ \Supset
⊏ \sqsubset ⊐ \sqsupset
4 \preccurlyeq < \succcurlyeq
2 \curlyeqprec 3 \curlyeqsucc
- \precsim % \succsim
w \precapprox v \succapprox
⊳ \vartriangleleft ⊲ \vartriangleright
E \trianglelefteq D \trianglerighteq
 \vDash  \Vdash
 \Vvdash
` \smallsmile p \shortmid
a \smallfrown q \shortparallel
≏ \bumpeq ≬ \between
≎ \Bumpeq ⋔ \pitchfork
∝ \varpropto  \backepsilon
◭ \blacktriangleleft ◮ \blacktriangleright
∴ \therefore ∵ \because
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Table 15: AMS negated relations (math mode)
≮ \nless ≯ \ngtr
 \nleq  \ngeq

 \nleqslant  \ngeqslant
 \nleqq  \ngeqq
 \lneq  \gneq
 \lneqq 	 \gneqq
  \lvertneqq  \gvertneqq
 \lnsim  \gnsim
≨ \lnapprox ≩ \gnapprox
⊀ \nprec ⊁ \nsucc
 \npreceq  \nsucceq
 \precneqq  \succneqq
 \precnsim  \succnsim
 \precnapprox  \succnapprox
≁ \nsim ≇ \ncong
. \nshortmid / \nshortparallel
∤ \nmid ∦ \nparallel
0 \nvdash 2 \nvDash
1 \nVdash 3 \nVDash
⋪ \ntriangleleft ⋫ \ntriangleright
5 \ntrianglelefteq 4 \ntrianglerighteq
* \nsubseteq + \nsupseteq
" \nsubseteqq # \nsupseteqq
( \subsetneq ) \supsetneq
 \varsubsetneq ! \varsupsetneq
$ \subsetneqq % \supsetneqq
& \varsubsetneqq ' \varsupsetneqq
Table 16: Variable-sized symbols (math mode)
∑ ∑
\sum
⋂ ⋂
\bigcap∏ ∏
\prod
⋃ ⋃
\bigcup∐ ∐
\coprod
⊔ ⊔
\bigsqcup∫ ∫
\int
∨ ∨
\bigvee
∮ ∮
\oint
∧ ∧
\bigwedge
⊙ ⊙
\bigodot
⊗ ⊗
\bigotimes⊕ ⊕
\bigoplus
⊎ ⊎
\biguplus
Table 17: Delimiters (math mode)
( ( ) )
[ [ ] ]
{ \{ } \}
⌊ \lfloor ⌋ \rfloor
⌈ \lceil ⌉ \rceil
〈 \langle 〉 \rangle
/ / \ \backslash
| \vert ‖ \Vert
↑ \uparrow ⇑ \Uparrow
↓ \downarrow ⇓ \Downarrow
l \updownarrow m \Updownarrow
p \ulcorner q \urcorner
x \llcorner y \lrcorner
Table 18: Function names (math mode)
\arccos \csc \ker \min
\arcsin \deg \lg \Pr
\arctan \det \lim \sec
\arg \dim \liminf \sin
\cos \exp \limsup \sinh
\cosh \gcd \ln \sup
\cot \hom \log \tan
\coth \inf \max \tanh
